Abstract. Essentially all cortical areas receive thalamic inputs and send outputs to lower motor centers. 18 Cortical areas communicate with each other by means of direct corticocortical and cortico-thalamo-19 cortical pathways, often organized in parallel. We distinguish these functionally, stressing that the 20 transthalamic pathways are Class 1 (formerly known as "driver") pathways capable of transmitting 21 information, whereas the direct pathways vary, being either Class 2 (formerly known as "modulator") or 22
Class 1. The transthalamic pathways provide a thalamic gate that can be open or closed (and otherwise 23 more subtly modulated), and these inputs to the thalamus are generally branches of axons with motor 24 functions. Thus the transthalamic corticocortical pathways that can be gated carry information about the 25 cortical processing in one cortical area and also about the motor instructions currently being issued from 26 that area and copied to other cortical areas. 27 28 The general view of communication between cortical areas is based on two implicit 29 assumptions: one is that the relevant glutamatergic pathways are functionally uniform, the other, 30 that the communication is effectively limited to pathways directly connecting cortical areas as 31 feedforward or feedback projections (Felleman and Van Essen, 1991; Hilgetag et al., 2000) . Here 32 we argue that this view needs to be changed: first, there are distinct classes of glutamatergic 33 pathways that vary substantially in their properties, more fundamentally than currently available 34 observations suggest (Reichova and Sherman, 2004 and Sherman, 2011) . To understand how any pathway relates to information processing, the 37 synaptic properties of each must be known. Second, there is another player in corticocortical 38 communication: a transthalamic, cortico-thalamo-cortical pathway. Anatomical evidence for this 39 pathway has been available for some time (Guillery, 1995) , as has in vivo physiological evidence 40 that certain thalamic nuclei are involved in corticocortical communication (Shumikhina and 41 Molotchnikoff, 1999; Soares et al., 2004) . In addition, recent evidence in slice preparations 42 shows that activity is robustly passed along this pathway from one cortical area to another and In many current accounts, glutamatergic pathways are considered to be the basis for most 52 information processing, and other pathways, including those using acetylcholine, noradrenalin, 53 etc., and often also γ-aminobutyric acid (GABA), are considered modulatory in function. 54 However, we have argued that within the family of glutamatergic pathways can be found both 55 information-bearing and modulatory inputs, and thus identifying them as part of a functionally 56 relevant classification is an important step in understanding complex brain circuits. This 57 distinction was described first for thalamic circuitry. 58 59 Thalamic circuits 60 The concept that glutamatergic pathways are functionally distinct types emerged from 61 studies of the thalamus, where, for example, the lateral geniculate nucleus shows two distinct 62 glutamatergic pathways innervating relay cells: the retinal input and a feedback projection from 63 layer 6 of visual cortex (Sherman and Guillery, 1998; Sherman and Guillery, 2006) . These two 64 inputs have clearly different anatomical and functional properties, and we called them drivers or 65 modulators, respectively (see Table 1 and Figure 1 ). In the thalamus, these glutamatergic inputs 66 are characterized by certain functional and anatomical properties (reviewed in ( 4. Drivers activate only ionotropic receptors, mainly AMPA but some NMDA, whereas 83 modulators in addition activate metabotropic receptors. 84 The terminology here reflects the apparent function of each of these thalamic inputs. 85 Drivers provide a powerful drive to thalamic relay cells. They also represent the main route for 86 the information that is relayed to cortex. For instance, retinal input to the lateral geniculate 87 nucleus represents the driver input there, providing the information that is transmitted to cortex. 88 It is clear that the retinal input represents the main information to be relayed, because the relay (Wenstrup, 2005) . Modulators were so named, because 95 they do not represent the main information to be relayed, but rather function as modulators of 96 transmission through the thalamus. 97 Note that driver properties are consistent with features expected of a main information 98 source (see Table 1 ). The large EPSPs are important to ensure that the information is processed 99 robustly; paired-pulse depression is usually associated with high probability of transmitter 100 release (Dobrunz and Stevens, 1997) and may serve to dynamically regulate neuronal sensitivity 101 Chung et al., 2002) . Furthermore, lack of an mGluR response ensures relatively brief EPSPs, 102 allowing a more faithful relay of temporal information. The weaker and more convergent inputs 103 of the modulators can combine in many different ways to provide a variety of modulatory 104 functions. The prolonged response of the metabotropic glutamate receptors not only provides an 105 effective control for various time-and voltage-dependent conductances with long time constants 106 for inactivation kinetics (e.g., I T , I h , and I A ( reviewed in (Sherman and Guillery, 2006) , but the 107 response outlasts activity in the input, often by seconds (Govindaiah and Cox, 2004) , and this 108 can be useful for modulation but distorts temporal information. Furthermore, activation of 109 metabotropic glutamate receptors in a postsynaptic cell is implicated in the release of 110 endocannabinoids that in turn modulate synaptic transmission to that cell (Brown et al., 2003; 111 Zhang et al., 2009; Zhang and Alger, 2010). Indeed, metabotropic glutamate receptor activation 112 associated with modulators may prove to be a clear identifying characteristic of these inputs, 113 although a lack of such a response does not necessarily indicate a main information input, 114 because one can imagine many modulatory functions carried out exclusively by ionotropic 115 glutamate receptor activation (Chance et al., 2002) . We suggest that these glutamatergic 116 modulator inputs operate like other classic modulatory inputs, such as cholinergic or serotonergic 117 inputs, and it is important to note that these other modulatory inputs also typically involve 118 metabotropic receptors. This is not to say that modulators convey zero information any more 119 than we would make this claim for cholinergic or serotonergic inputs. The point is that, whereas 120 all of these inputs necessarily convey some information, a distinction should be made among 121 glutamatergic inputs between those that are primarily information-bearing and those that are 122 primarily modulatory. 123 There are two other important issues that derive from this driver/modulator concept for 124 the thalamus. One is that the identity of the driver input to a thalamic relay largely defines the 125 function of that relay. Thus, as indicated above, we consider the main function of the lateral 126 geniculate nucleus is to relay retinal information to cortex. Likewise, for any thalamic relay 127 whose functions are currently unknown, such as for higher order relays that are discussed below 128 and whose functions at present seem mysterious, identifying the driver input can help to expose 129 their functions. 130 The other issue is that the concept of a driver input to the thalamus carries with it the 131 implication that outputs from thalamic relay cells must be interpreted at the cortical level as if 132 they were the result of driver inputs. For the lateral geniculate nucleus for example, this means 133 that every relay cell spike must be interpreted as if it has been evoked by retinal and not, for The distinction between drivers and modulators was introduced specifically for the 149 thalamic relays. The extent to which this distinction can be usefully applied to other centers has 150 so far not been explored, and an important part of ongoing studies of the cerebral cortex will be 151 an exploration of the extent to which this classification can prove useful. thalamus, it is appropriate to use the driver/modulator terminology, because these names clearly 163 describe the different function of these inputs cortical circuitry is more complex and less 164 understood, and so we have adopted a more conservative and neutral terminology for the cortex. 165 Inputs with the properties of drivers we have called Class 1, and those with modulator properties, A 3-dimensional scatterplot of 3 major parameters measured from many glutamatergic 173 inputs recorded in thalamus and cortex is shown in Fig. 2 , which illustrates two important points. 174 First, the points cluster into two clear groups-Class 1 (driver) and Class 2 (modulator)-further 175 supporting the basis of this classification. Second, the examples within each Class for both 176 thalamic and cortical inputs completely overlap, meaning that there are no clear differences 177 between these Classes for the parameters that have so far been tested for the thalamic and 178 cortical circuits (see legend to Figure 2 for details).
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As noted above, Class 1 properties are consistent with an input that operates as a main 181 information source, whereas Class 2 properties are more consistent with a modulatory function. 182 For instance, we are reasonably confident that receptive fields of geniculate relay cells are 183 derived from retinal and not cortical inputs, which identifies retinal input as the main information 184 source for relay, but similar well-understood examples in cortex are rare. We nonetheless suggest 185 as a starting hypothesis that these same two classes play the same role in cortical circuitry: 186 namely, that Class 1 pathways represent the main information routes, and Class 2 pathways serve 187 mainly to modulate processing of this information.
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There is one possibly major difference between thalamic and cortical circuitry that is 190 relevant here. There is no evidence so far that there is much information processing in thalamus, 191 and thus receptive fields of thalamic relay cells, such as those in the lateral geniculate nucleus, 192 effectively match those of their driver inputs in terms of spatial arrangement, although geniculate 193 cell and circuit properties can affect temporal properties of the receptive field (Mastronarde, 194 1987a; Mastronarde, 1987b Figure 3 shows, all thalamic relays receive a layer 6 278 Class 2 input, but higher order relays also receive the layer 5 input that structurally and 279 functionally matches the subcortical Class 1 inputs to first order relays. 280 Examples of first order relays are the lateral geniculate nucleus for vision, the ventral 281 posterior nucleus for somesthesis, and the ventral division of the medial geniculate body for 282 hearing; their equivalent higher order counterparts are, respectively, the lateral posterior pulvinar 283 complex, the posterior medial nucleus, and the dorsal division of the medial geniculate body. 284 Other examples have been described elsewhere (Sherman and Guillery, 2006) . However, many 285 relay nuclei, like the pulvinar, may be mostly higher order but may also contain some first order 286 circuits. Nonetheless, most of the thalamus by volume is higher order. Many thalamic nuclei 287 previously hard to fathom can be seen to relay information between cortical areas, and since this 288 relayed information is carried by corticothalamic Class 1 afferents, it becomes a crucial issue for 289 understanding thalamic as well as cortical functions to identify the nature of this relayed 290 information. This branching pattern has suggested a novel and unexpected function for Class 1 309 afferents to thalamus (Guillery and Sherman, 2011). The extrathalamic branches send 310 instructions to motor centers, and the thalamic branches, which necessarily carry the same 311 message, are, therefore, carrying a copy of these motor instructions to the thalamus and cortex. 312 That is, they are all bringing efference copies to the thalamus, although the extent to which these 313 efference copies serve to stabilize a sensory map in the sense used classically (von Holst and For the visual pathways of rodents and rabbits, the evidence is clear that all retinal ganglion cells have axons that go to the midbrain and send branches to the lateral geniculate nucleus. For the cat, there is good evidence that Y and W cells all have axons that go to the midbrain and send branches to the lateral geniculate nucleus, and for the monkey, the magno-and koniocellular components also have such a branching pattern. For both cat and monkey some of the remaining cells (X for cat, parvocellular for monkey) have been shown to have the same branching pattern, and given that the methods that have been used are very likely to generate a false negative, it is not unreasonable to conclude that all retinal ganglion cells are likely to branch like this while stressing the need for further evidence, especially for the monkey. may differ crucially from the direct ones by serving to monitor and perhaps anticipate a motor 320 action. 321 322 To the extent that data are available, every cortical area so far studied, including the 323 classical primary sensory areas, has a layer 5 projection to subcortical motor centers, and many 324 of these have branched axons that also innervate thalamus (reviewed in (Guillery, 2003; Sherman 325 and Guillery, 2006). These branched layer 5 outputs show that the transthalamic corticortical 326 pathways communicate at each stage with the motor centers, and copies of this motor 327 communication form an intrinsic part of the message passed up the cortical hierarchy (Figure 3 ). 328 One important outcome is that at every level of sensory processing perception is inextricably 329 linked to ongoing instructions for action, prior to the action itself. The extent to which a sense of 330 the intention to move precedes the actual movement may depend on the many copies of motor Note also that there is no strict division between sensory and motor cortex ( Figure 3) ; 337 information enters cortex and leaves as motor instructions at each cortical level, and copies of 338 these instructions are present at each level of input to cortex. In this scheme, such differences 339 between what is commonly known as sensory and motor cortex are quantitative (e.g., stronger 340 motor outputs via layer 5 projections for "motor" areas) rather than qualitative. All cortical areas 341 appear to function as sensorimotor regions. Figure 3 shows that whereas the direct 351 pathway processes intracortical information only, with no reference to motor instructions on the 352 way to the lower motor centers until the final motor stage has been reached, the transthalamic 353 pathway serves also to inform the (higher) target cortical area about motor instructions currently 354 being issued by the lower area. That is, the two pathways appear to be functionally distinct. In 355 addition to this, on the transthalamic corticocortical pathway, the thalamic relay can be 356 modulated, via thalamic circuitry, as the message passes from one cortical area to another in a 357 way that is not possible on the direct corticocortical pathway. The external innervation of relay cells, from brainstem sources, from the layer 6 375 feedback, and from local, thalamic inhibitory neurons, is critical to this gating function (reviewed 376 in (Sherman and Guillery, 2006) . If the gate is shut the information in the cortico-thalamo-377 cortical pathway will not reach the next cortical area, even though the layer 5 branch innervating 378 lower motor structures will still convey its message. This gating opportunity would be lost if the 379 layer 5 axons, instead of innervating thalamus, innervated the higher cortical area directly. The 380 obvious question is: what purpose is served by controlling whether or not the motor instruction, 381 which is not gated, is copied to the next cortical area? Two different answers that are not 382 mutually exclusive may be considered. 383 Answer #1: Emphasizing unexpected motor instructions. The hypothesis suggested here 384 is that a motor instruction that deviates significantly from the expected or represents the initiation 385 of a novel set of movements is passed through the transthalamic pathway to higher areas as an 386 alert. This idea involves a property of thalamic relay cells that is under modulatory control, 387 namely, their ability to switch their firing pattern between burst and tonic modes (for details, see 388 (Sherman, 2001; Sherman and Guillery, 2006) . These different modes depend on a voltage-gated of the Ca 2+ conductance is relieved, and the next sufficiently strong EPSP from the Class 1 input 395 activates the Ca 2+ conductance, producing a large depolarization upon which rides a burst of 2-396 10 action potentials. This opens the thalamic gate, at least temporarily. 397 Because this Class 1 input activating the burst arrives after a period with no throughput of 398 the cortico-thalamo-cortical pathway, it may be seen in the target cortical area as a new, perhaps 399 unexpected motor instruction. Unlike tonic firing, burst firing is highly nonlinear, and thus not a 400 faithful relay mode; however, it does activate cortex more strongly than does tonic firing 401 (Swadlow and Gusev, 2000; Sherman, 2001) . For this reason, burst firing may represent a 402 "wake-up call" to the target cortical area that something new or unexpected is being relayed 403 through thalamus, and the strong activation of cortex may affect its layer 6 corticothalamic 404 feedback to alter the gating and switch the firing of relay cells to the more linear tonic mode by 405 depolarizing these cells, thereby inactivating their T-type Ca 2+ conductances (Sherman, 2001) . 406 The unexpected event may arise in a sensory pathway to a first order relay or from a cortical area 407 to a higher order thalamic relay. 408 An interesting speculative example of this scenario involves the zona incerta, a 409 GABAergic brainstem structure. Connectional studies indicate that the zona incerta innervates 410 thalamus widely, but projections to higher order relays appear to be greater than those to first 411 order relays (Power et al., 1999; Barthó et al., 2002) . Innervation of zona incerta derives from 412 wide areas of cortex, always from layer 5 (Mitrofanis and Mikuletic, 1999 
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As noted, widespread innervation of zona incerta derives from layer 5 of cortex, raising 425 the possibility that axons innervating the zona incerta branch to innervate higher order relays. 426 Thus, when the primary sensory cortex is quiescent and no layer 5 output messages are being 427 generated from that cortical region, the higher order relay it innervates (e.g., the posterior medial However, for any group of functionally related areas there are likely to be both direct and 452 transthalamic corticocortical links. This may provide a basis for a form of coincidence detection. 453 That is, co-activation of both pathways (i.e., the transthalamic gate is open) could lead to strong 454 activation of the target area, activation that ultimately leads to linking of the two cortical areas; 455 conversely, if the thalamic gate is closed, the response in the target area is too weak to support 456 such linking. Thus the thalamus may play an important role in this cortical process, although 457 details concerning controls of the thalamic gate and how coactivation of both the direct and 458 transthalamic pathways leads to linking remain to be determined. In order to understand how cortical areas or groups of areas interact with each other and 464 with the body it will be necessary to identify the nature of the information received by each area 465 directly from the thalamus, recognizing that for most cortical areas this comes from cortex itself 466 through the thalamic gate. For the inputs that come directly from other cortical areas it will be 467 necessary to distinguish Class 1 from Class 2 inputs. The relationships established in the cortex 468 between these two input sources, cortical and thalamic, will need to be defined in terms of the 469 ways in which they can interact to reinforce or cancel one another. Comparably, for each cortical 470 area, or for several areas where these are clearly sharing in a particular behavioral or cognitive 471 function, it will be necessary to understand how their layer 5 outputs relate to lower motor 472 circuits, defining the major motor changes that these can produce and comparing them with the 473 outputs of the direct corticocortical connections that emerge from the motor cortex. 474 One important point about these functional connections is the extent to which they raise 475 questions about how cortical areas interact with each other and how these interactions relate to 476 lower motor centers. We need to learn more about the transthalamic corticocortical pathways, the 477 higher order thalamic nuclei involved, and about gating and other modulatory (Class 2) 478 influences on these thalamic links. Equally important will be information about the lower motor 479 connections established by any one group of layer 5 cells. This needs to include the sites of the 480 terminations as well as their actions at each site. Where the outputs relate to centers that feed 481 back directly or indirectly to cortex (e.g., cortical projections to the posterior column nuclei, to 482 the superior colliculus, the striatum or the pons), these pathways will also relate to the functional 483 organization of corticocortical interactions. We have focused on the transthalamic pathways here 484 because they involve essentially all cortical areas and provide a functional link that can be 485 modulated by mechanisms that are beginning to be understood. The importance of the higher 486 order thalamic relays for understanding corticocortical interaction is the main focus of our 487 argument. We need to learn a great deal more about how they are organized and what role they 488 play in cortical integration and in the control of lower motor mechanisms. 489 We have stressed the general pattern of branching that characterizes the Class 1 inputs to 490 thalamus, from lower centers, and those from cortex itself. Essentially all of the messages 491 entering cortex, and all those leaving cortex, have a sensorimotor motor content. The commonly 492 held view that sensory and motor computations in cortex are separate and hierarchical in 493 organization needs to be reconsidered and interpreted in relation to the fact that all sensory pathways 494 also carry copies of motor instructions so that sensorimotor processing is unified throughout all levels of 495 thalamocortical function. 
